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Carbon Monoxide: An Endogenous Modulator
of the Nitric Oxide±Cyclic GMP Signaling System
Tatsuya Ingi,* Julia Cheng,* and Gabriele V. Ronnett*² (HO). Heme is oxidatively cleaved by HO to yield CO and
biliverdin (Schmidt, 1992; Maines, 1988). HO consists of*Department of Neuroscience
two homologous isozymes, an inducible isoform, type²Department of Neurology
1 (HO-1), and a constitutively expressed isoform, typeThe Johns Hopkins University
2 (HO-2) (Maines, 1988). HO-1 is induced by oxidativeSchool of Medicine
stress and is most abundant in the spleen and liverBaltimore, Maryland 21205
(Cruse and Maines, 1988), where it functions in heme
degradation. HO-2 is highly expressed in the brain (Sun
et al., 1990). By in situ hybridization and immunohisto-Summary
chemistry, discrete neuronal localization of HO-2 has
been demonstrated throughout the brain (Verma et al.,Carbon monoxide (CO) is an activator of soluble gua-
1993; Ewing and Maines, 1992). This neuronal disposi-nylyl cyclase and is implicated as a neuronal messen-
tion prompted several groups to postulate that CO, ager. CO production, nitric oxide synthase (NOS) activ-
known exogenous activator of soluble guanylyl cyclase,ity,and guanosine 39,59-monophosphate(cGMP) levels
could act endogenously to mediate cGMP levels (Vermawere quantitated in cerebellar granule cell cultures.
et al., 1993; Nathanson et al., 1995; Leinders-Zufall etMetabolic labeling experiments enabled the direct
al., 1995; Ingi and Ronnett, 1995). In contrast with dis-measurement of neuronal CO production in vitro. CO
crepancies in the localizations of NOS and soluble gua-production is significant, and peaked during early
nylyl cyclase in the brain, soluble guanylyl cyclase local-stages of culture. NOS activity and cGMP levels syn-
ization is virtually identical to that of HO-2 in numerouschronously increased as cells matured. Whereas inhi-
brain regions, positioning it appropriately to activatebition of NOS depleted cGMP in mature cultures, inhib-
soluble guanylyl cyclase (Verma et al., 1993; Ingi anditors of CO production potentiated the nitric oxide
Ronnett, 1995). Olfactory receptor neurons have been(NO)-mediated cGMP increase. Exogenous CO atsimi-
used to investigate the relationship of CO tocGMP levelslar concentrations to endogenous levels blocked the
(Leinders-Zufall et al., 1995; Verma et al., 1993; Ingi andNO-mediated cGMP increase. These results directly
Ronnett, 1995). These cells have high levels of HO activ-demonstrate that endogenous neuronal CO produc-
ity but no NOS activity (Ingi and Ronnett, 1995). Thus,tion is high and indicate that while NO is the major
the relevance of CO as a mediator of cGMP in this cellregulator of cGMP in these neurons, CO may modulate
can be studied in the absence of NO, a more potentthe NO±cGMP signaling system.
activator of soluble guanylyl cyclase that could con-
found results. Inhibition of HO activity and CO produc-Introduction
tion significantly lowered endogenous cGMP levels in
these cells (Verma et al., 1993; Ingi and Ronnett, 1995).
Recent evidence has established a major role for nitric
These lines of evidence suggest that CO may function
oxide (NO) as a messenger molecule in the brain (Bredt
as an endogenous regulator of cGMP levels (Nathanson
and Snyder, 1994; Garthwaite, 1991). NO is formed by et al., 1995; Leinders-Zufall et al., 1995; Verma et al.,
NO synthase (NOS), which oxidizes the guanidino nitro- 1993; Ingi and Ronnett, 1995). In contrast, other investi-
gen of arginine to form NO and citrulline (Tayeh and gators have failed to demonstrate a role for CO (Meffert
Marletta, 1989; Moncada et al., 1991). NO is a short- et al., 1994; Poss et al., 1995).
lived free radical gas that can activate soluble guanylyl These discrepancies could be explained if the role of
cyclase by binding to the heme moiety of the enzyme CO is quite different when NO is also present. In the
(Stone and Marletta, 1994). In the cerebellum, N-methyl- brain, increased activity in excitatory pathways causes
D-aspartate receptor stimulation has been shown to in- increases in the levels of cGMP (Garthwaite, 1991). This
duce NO synthesis, which then activates soluble guany- effect is particularly striking in the cerebellar cortex, and
lyl cyclase and leads to formation of cyclic GMP (cGMP) so studies examining the glutamate±NO±cGMP system
(Garthwaite et al., 1988). Like NO, carbon monoxide (CO) have focused on this region (Garthwaite, 1991). Yet, re-
can bind to the iron in heme and activate guanylyl cy- cent results indicate the widespread expression not only
clase (BruÈ ne and Ullrich, 1987; Furchgott and Jothianan- of NOS and soluble guanylyl cyclase, but also of HO-2
dan, 1991; Kharitonov et al., 1995). A number of studies in multiple neuronal populations within the cerebellum
suggest that CO may serve as an intercellular messenger (Verma et al., 1993; Ewing and Maines, 1992; Matsuoka
in the brain (Stevens and Wang, 1993; Leinders-Zufall et al., 1992). In addition to this, cerebellar granule cells
et al., 1995; Zhuo et al., 1993; Nathanson et al., 1995; from the postnatal brain undergo significant matura-
Verma et al., 1993; Ingi and Ronnett, 1995). However, tional changes in culture (Kingsbury et al., 1985) and
CO may function quite differently from NO, as there are have served as a well-characterized in vitro culture
significant differences in the localization (Verma et al., model in previous studies on the action of NO (Kiedrow-
1993; Ewing and Maines, 1992; Bredt et al., 1990), in ski et al., 1992). To explore how CO and NO are produced
the biological half-lives (Zhuo et al., 1993), and in the and potentially interact with each other in differentiating
potencies of activation of guanylyl cyclase (Stone and neurons, we monitored CO production, NOS activity,
Marletta, 1994; Kharitonov et al., 1995) between these and cGMP levels in primary cultures of cerebellar gran-
two gases. ule cells sequentially over time as cells matured in
culture.CO is produced by the action of heme oxygenase
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Figure 1. CO Production and NOS Activity in
Primary Cultures of Rat Cerebellar Granule
Cells
(A) Time course of CO production in cerebel-
lar granule cells in culture. 14CO production
changes dramatically during neuronal devel-
opment in culture, although levels of cellular
[14C]heme and 14CO2 production were con-
stant every culture day.
(B) Effect of inhibitors on CO production in
primary cultures of cerebellar granule cells on
day 2. 14CO production is inhibited by ZnPP-9,
but unaffected by NAME. Data are presented
as the mean of three to six independent ex-
perimental determinations 6 SEM.
(C) Time course of NOS activity in cerebellar
granule cells. NOS activity rises dramatically
during the late phase of neuronal differenti-
ation.
(D) Effects of HO inhibition and exogenous
CO on NOS activity in cerebellar granule cells
on day 7. ZnPP-9 shows the slight inhibitory
effect on NOS activity in this culture and
ZnBG does not affect NOS activity; 5 mM ex-
ogenous CO, comparable to endogenous CO
levels, has no effect on NOS activity. NOS
activity was measured by monitoring the con-
version of [3H]arginine to [3H]citrulline.
[3H]citrulline formation was expressed as a
percentage of total radioactivity of [3H]argi-
nine taken up by the cells; this allowed differ-
ence in [3H]arginine uptake induced by neu-
ronal differentiation to be taken into account.
Data are means of duplicate determinations
6 SEM from two to three independent experi-
ments.
Results activity of CO production. The total cellular heme was
spectrophotometrically determined to be 1.5 nmol/mg
protein, a value that resembles previously reportedPhysiological CO Production and Heme Turnover
in Cultured Cerebellar Granule Cell heme content in neuronal tissues (Wyss et al., 1993).
Under the conditions used, incorporation of [14C]glycineIn situ hybridization (Verma et al., 1993) and immunohis-
tochemical studies (Ewing and Maines, 1992) indicate into cellular heme remained linear for 5 hr (16 pmol/mg
protein/5 hr, Table 1), and the average concentration ofthat cerebellar HO-2 is localized to Purkinje cells, gran-
ule cells, and stellate neurons. To demonstrate directly [14C]heme for this period was 8.1 pmol/mg protein. Tak-
ing into account the ratio of total heme to [14C]heme, thethe generation of CO by cerebellar granule cells, we
incubated primary cultures of cerebellar granule cells amount of total CO production at day 2 was calculated
to be 26 pmol/mg protein/30 min, or 5.2 mM/30 min.with [2-14C]glycine, a heme precursor, to label heme
(Landaw and Winchell, 1966); 5 hr after the addition of (Endogenous CO levels are presented per30 min interval
to permit comparison with exogenous CO experiments[14C]glycine, 14CO resulting from heme metabolism was
measured in these cells (Lincoln et al., 1989). As shown later.) To evaluate the endogenous CO production with
respect to the porphyrin turnover, we also measuredin Figure 1A, 14CO production changed dramatically over
several days in culture. There is a sharp increase of 14CO cellular uptake of [14C]glycine and biosynthesis of [14C]d-
aminolevulinic acid ([14C]ALA) in these cultures. Theserelease, from 0.50 pmol/mg protein at day 1 in culture
to 1.4 pmol/mg protein at day 2. In primary culture, results along with heme synthesis and CO production
are summarized in Table 1. Collectively, these data dem-granule cells start to extend neurites at day 2, and a
mature neuronal appearance is established by about onstrate that significant levels of CO are produced by
the rapid turnover of locally synthesized heme in theseday 7 (Kingsbury et al., 1985). Therefore, the peak in
14CO production corresponds to immature stages of cultured neuronal cells.
To determine the pathway of CO generation, we uti-granule cell culture development, although significant
production continues at later times. lized zinc protoporphyrin-9 (ZnPP-9), a potent inhibitor
of HO activity (Maines, 1981). ZnPP-9 lowers 14CO re-Measurement of the endogenous level of neuronal
heme synthesis and the production of CO is essential lease, with half-maximal inhibition occurring at 0.2 mM
ZnPP-9 (Figure 1B). This result indicates that 14CO isto evaluate the physiological function and relevance of
CO. As summarized in Table 1, both unlabeled and 14C- predominantly generated from heme breakdown by the
action of HO in cultured cerebellar granule cells, whichlabeled levels of cellular heme (the substrate for HO)
were measured in cultures to determine the specific agrees with previous reports that HO is the predominant
CO and NO: Interacting Gaseous Messengers
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Table 1. Total Amount of CO Production and Heme Turnover in Cerebellar Granule Cell at Day 2
14C-labeled Amount Total Amount Newly Synthesized Amount from Glycinec
Product (pmol/mg protein/5 hr) (pmol/mg protein/5 hr) (pmol/mg protein/5 hr)
Glycine 4700
ALA 450 3800
Heme 16 1500a 140
CO 1.4 260b 12
a The cellular heme concentration was determined and expressed as pmol/mg protein.
b The total amount of CO production was calculated as described below.
Total CO Production 5 14CO Production 3
Total Heme
Average [14C]Heme
c Taking into account the endogenous free glycine level in neuron cells (20 nmol/mg protein; Hall et al., 1979; Freeman et al., 1983), total
amounts of newly synthesized products from glycine were calculated as described below. Average concentration of cellular [14C]glycine was
2350 pmol/mg protein.
Newly Synthesized Amount 5 14C-labeled Amount 3
Total Glycine
Average [14C]Glycine
pathway of heme degradation in vivo (Lincoln et al., that NO is a major regulator of cGMP levels in cultured
cerebellar granule cells and that the NO±cGMP system1989). Furthermore, nitroarginine methyl ester (NAME),
a potent inhibitor of NOS, failed to significantly alter develops with neuronal maturation. Thus, CO does not
work as a stimulator of cGMP production in these cells14CO release (Figure 1B). As controversy exists over the
specificity of ZnPP-9, other inhibitors have also been when NO is present. Two lines of evidence further sup-
port this observation. First, the changes in cGMP levelused to determine the effect of HO inhibitors on cGMP
levels. and NOS activity correlate and are opposite to the tem-
poral profile of CO production (Figures 1A, 1C, and 2A).
Second, 1 mM ZnPP-9 did not suppress cGMP level inAcquisition of NOS Activity in Cerebellar
these cells except at day 1.Granule Cell Cultures Affects the Role
However, there is an effect of the inhibition of COof Endogenous CO in Regulating
production on cGMP levels in later cultures. The in-cGMP Production
crease of cGMP after day 4 is significantly potentiatedCerebellar NOS is localized to granule and basket cells,
by ZnPP-9 (168% 6 10% of control, Figures 2A±2C).which synapse on Purkinje cells (Bredt et al., 1990).
To clarify whether this cGMP potentiation is caused byThe Purkinje cells have large concentrations of soluble
inhibitory effect of ZnPP-9 on HO activity, we treatedguanylyl cyclase and cGMP-dependent protein kinase,
cells with ZnBG (Vreman et al., 1991), another inhibitorwhich provide a cellular basis for the effect of NO on
of HO. As shown in Figure 2C, 1 mM ZnBG potentiatedcGMP (Bredt and Snyder, 1994). Since soluble guanylyl
cGMP in a manner similar to that of ZnPP-9 (164% 6cyclase and HO-2 are localized to cerebellar granule
5.4% of control). These findings, together with the oppo-cells and Purkinje cells (Verma et al., 1993; Ewing and
site change patternof HO activity to cGMP level, indicateMaines, 1992), CO may also participate in cerebellar
that HO activity suppresses cGMP levels later in culturecGMP regulation. NOS activity (Figure 1C), cGMP level,
development, when NO is present. Furthermore, appli-and the effects of NAME and ZnPP-9 on cGMP levels
cation of ZnPP-9 combined with NAME to these cultures(Figure 2A) were monitoredover time in cultures to deter-
results in a loss of the cGMP potentiation effect (Figuremine which messenger, NO or CO, is the major physio-
2C), which indicates that the potentiation of cGMP in-logical regulator of basal cGMP levels. As shown in
crease by HO inhibition is via a NO±cGMP system. Sev-Figure 1C, NOS activity rises dramatically over time in
eral additional findings corroborate this result. First, pre-granule cell cultures. [3H]citrulline production has
cise comparison of the effects of NAME and ZnPP-9 onreached 2.3% of total cellular [3H]arginine taken up at
cGMP level reveals that the degree of potentiation byday 7. Taking into account the endogenous free arginine
ZnPP-9 is proportional to the NOS activity of this celllevels in neuronal cells (Schwartz et al., 1990), the total
(Figures 1C and 2B). Second, NO sustained more thanamount of NO production at day 7 is 45 pmol/mg protein/
95% of cGMP levels in the late culture phase when30 min. To determine whether there is any direct interac-
the effect of ZnPP-9 is maximal (Figure 2B). Thus, thetion of CO on NOS (as NOS contains a heme moiety),
increase in cGMP levels seen upon the inhibition of HOwe examined the effects of HO inhibitors (ZnPP-9 and
activity is dependent on the presence of NO, the majorzinc deuteroporphyrin IX 2,4-bis glycol [ZnBG]) or exog-
cGMP regulator in these cells.enous CO on NOS activity (Figure 1D, results discussed
To explore the mechanism underlying this interfer-later) to demonstrate that these agents did not have an
ence with the NO±cGMP system,we examined the effecteffect on NOS directly.
of HO inhibitors on NOS activity in culture. In vitro, puri-The change in pattern of NOS activity correlates to
fied NOS is inhibited by CO, indicating a role for hemethat of cGMP level in this culture, except for the high
groups of NOS in catalytic reactions (White and Marletta,value of cGMP at day 1 (Figures 1C and 2A). Further-
1992; McMillan et al., 1992; Griscavage et al., 1994). Onemore, the 20-fold increase of cGMP level after day 4
possibility is that HO activity suppresses the step of NOwas completely depleted by the addition of 0.1 mM
NAME (Figures 2A and 2B). These results clearly indicate synthesis by way of CO production. As shown in Figure
Neuron
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Figure 2. cGMP Levels in Primary Cultures of Cerebellar Granule Cells
(A) Time course of endogenous cGMP concentration and effects of ZnPP-9 and NAME over time in culture. cGMP rises dramatically during
the late phase of neuronal differentiation (20-fold increase). This cGMP increase is completely depleted by NAME but is potentiated by ZnPP-9.
(B) Developmental pattern of effect of ZnPP-9 and NAME. Data are expressed as a percentage of control cGMP level on each culture day.
(C) Effect of ZnBG and combined application of ZnPP-9 and NAME on day 7. Data are means of duplicate determinations 6 SEM from a
representative experiment (A) and three independent experiments (B and C). All experiments included phosphodiesterase inhibitor isobutyl-
methylxanthine (IBMX).
1D, however, the effect of HO inhibitors on CO produc- these cultures. As shown in Figure 3A, at day 2 when
tion did not stimulate NO synthesis (ZnPP-9, 75% 6 little NOS activity was detected in this culture, exposure
6.7% of control; ZnBG, 96% 6 8.8%). This result agrees of cells to exogenous CO weakly stimulates guanylyl
with previous reports that CO concentrations of about cyclase activity in a dose-dependent manner, increasing
1 mM are needed to inhibit NOS activity (Griscavage et cGMP levels from 0.82 pmol/mg protein to 3.2 pmol/mg
al., 1993, 1994). Therefore, the site of CO action on the protein. On the other hand, exposure of cells to 30 mM
NO±cGMP system is not at the level of NO synthesis, but sodium nitroprusside (SNP), an NO donor, elevated
rather at the level of NO activation of guanylyl cyclase. cGMP level to 22.1 pmol/mg protein (Figure 3B). These
Several lines of evidence suggest that CO produced results confirm the weaker potency of CO as a guanylyl
by the action of HO may partially block guanylyl cyclase cyclase activator in this cell. While exogenously applied
activation mediated by NO. CO is a weaker activator of NO stimulated guanylyl cyclase activity at day 2, exoge-
guanylyl cyclase. In vitro, CO activation of purified solu- nous CO affected this activity in a completely different,
ble guanylyl cyclase is 1/30-fold less potent than NO biphasic manner. Exogenous CO at a concentration of
(Stone and Marletta, 1994). Moreover, it has been dem- 1.5±5 mM inhibited NO-mediated guanylyl cyclase acti-
onstrated that CO can completely block the reactions vation to 42%±73% of control (Figure 3B). When cultures
of NO with heme sites of hemoglobin or other hemopro- are exposed to this 1.5±5 mM CO-containing medium,
teins (Kruszyna et al., 1993; Thom et al., 1994; Cassoly the concentration of exogenous CO applied into cell is
and Gibson, 1975), although the affinities of CO and NO calculated to be 7.5±25 pmol/mg protein, comparable
to soluble guanylyl cyclase have not yet been deter- to endogenous CO levels (12±26 pmol/mg protein/30
mined. In cultured cerebellar granule cells, NO-mediated min). In contrast, at a higher concentration of 150±500
cGMP augmentation was antagonized by an effect of mM, CO lost its inhibitory effect and actually potentiated
HO activity that can be inhibited by low concentrations the NO-mediated cGMP elevation (Figure 3B).
of ZnPP-9 or ZnBG, which inhibit the generation of CO. To establish further that CO modulates the NO±cGMP
When compared at the same day in culture, days 5±6, system in this cell, we examined the effect of exogenous
the total amount of CO production (16 pmol/mg protein/ CO on the NO±cGMP system in culture at day 7. At
30 min) is enough to antagonize the effect of NO produc- day 7 when NO occurs endogenously and sustains high
tion (25 pmol/mg protein/30 min). Thus, CO may act as cGMP levels in culture, 1.5±5 mM exogenous CO blocked
a partial agonist or inhibitory modulator for the soluble guanylyl cyclase activity to 57%±78% of control. How-
guanylyl cyclase, while NO acts as a full agonist. ever, it lost its inhibitory effect at higher concentrations
of 150±500 mM (Figure 3C). This biphasic pattern of the
CO effect is essentially identical to that for the exoge-Exogenous CO at Physiological Level Mimics
nous NO±guanylyl cyclase reaction at day 2. To evaluatethe Effect of Endogenous CO
whether this inhibitory effect at day 7 is due to directControversy exists as to the specificity of metallopor-
inhibition of NOS activity by CO, we examined the effectphyrins used to inhibit HO function (Meffert et al., 1994;
of exogenous CO on NOS activity in cultures. As shownLuo and Vincent, 1994). To circumvent this issue and to
in Figure 1D, 5 mM exogenous CO does not affect NOSdetermine whether CO inhibits the NO-mediated activa-
activity at day 7 (101% 6 7.9% of control), which agreestion of soluble guanylyl cyclase, we examined the direct
effect of exogenous CO on guanylyl cyclase activity in with the result that inhibition of endogenous CO produc-
CO and NO: Interacting Gaseous Messengers
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Figure 3. Effects of Exogenous CO on cGMP Levels in Primary Cultures of Cerebellar Granule Cells
(A) Effects of exogenous CO on cGMP levels in cerebellar granule cells on day 2. When cultured cells lack NOS activity on day 2, exposure
of cells to 15±500 mM exogenous CO elevate cGMP concentrations 2- to 3-fold.
(B) Effects of exogenous CO on SNP-stimulated guanylyl cyclase activity in cerebellar granule cells on day 2. When soluble guanylyl cyclase
is stimulated with SNP exogenously, exposure of cells to 1.5±5 mM exogenous CO, comparable to endogenous CO levels, significantly lowers
cGMP level. In contrast, at higher exogenous concentrations of 150±500 mM, CO potentiates the NO-mediated cGMP elevation.
(C) Effects of exogenous CO on cGMP levels in cerebellar granule cells on day 7. When high cGMP levels are maintained by high endogenous
NO levels in culture on day 7, exposure of cells to 1.5±5 mM exogenous CO significantly lowers cGMP level. On culture day 7, exogenous CO loses
its inhibitory effect at higher concentrations of 150±500 mM. Data are presented as the mean of two independent experimental determinations 6
SEM.
tion failed to affect NOS activity. Collectively, these re- CO at a concentration similar to endogenous CO re-
duced cGMP. In addition to this physiological relevance,sults clearly indicate that physiological levels of CO
two major findings are demonstrated. CO production isblock NO-mediated activation of guanylyl cyclase in
significant and peaks during immature stages of cellthese cells.
culture. In contrast, NOS activity and cGMP levels in-
creased synchronously as cells matured. Furthermore,
Discussion the ability of endogenous CO to affect cGMP levels
changes with maturity of these cells, and this relates to
The major finding of this study is that CO produced by the presence of NO. The scope of the physiological
HO can modulate cGMP levels by interfering with the relevance of CO and the findings demonstrated here in
NO-soluble guanylyl cyclase signaling system. In this cell culture need to be further evaluated in other sys-
study, the physiological relevance of CO production in tems, including more complex tissue or in vitro slice
neurons is supported by results of three independent preparations. Our cell culture data serves as a biochemi-
experimental approaches: direct determination of the cal contribution to the elucidation of the role of CO.
physiological level of the endogenous CO produced by With metabolic labeling experiments, we now directly
cultured cerebellar granule cell; the effect of the inhibi- demonstrate that cultured cerebellar granule cells are
tion of endogenous CO production (cGMP increased); capable of significant levels of endogenous CO produc-
the addition of exogenous CO at physiological levels, tion by the action of HO. We have determined the value
of thephysiological level of endogenous CO by this classwhich mimic the effect of endogenous CO. Exogenous
Neuron
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of cultured neuronal cells to be 26 pmol/mg protein/30 Recently, it has been demonstrated that halothane
and isoflurane (inhaled anesthetics) interfere with NO-min. We have characterized endogenous CO production
on the basis of the porphyrin turnover in these cell cul- mediated guanylyl cyclase activation, and thus competi-
tive binding of these anesthetics with NO to the hemetures. As shown in Table 1, 4700 pmol/mg protein of
[14C]glycine was taken up by cells for 5 hr, and 2.7% of moiety of this enzyme is proposed as a first model (Jing
et al., 1995; Jing et al., 1994). Although a high concentra-this cellular [14C]glycine was incorporated into heme (16
pmol/mg protein/5 hr). Taking into account the dilution tion (about 100 mM) of anesthetics is necessary to inter-
fere with NO-stimulation of guanylyl cyclase (Jing et al.,of [14C]glycine by endogenous free glycine (Hall et al.,
1979; Freeman et al., 1983), the total amount of newly 1995), CO at low concentrations of 1.5±5 mM showed a
significant inhibitory effect. This result is coincident withsynthesized heme from glycine was calculated to be
approximately 140 pmol/mg protein/5 hr, which is equiv- the high affinity of CO for the heme moiety. A second
possible model is that the binding of CO to guanylylalent to 9.3% of the total cellular heme content (1.5
nmol/mg protein). Since cerebellar granule cells contain cyclase induces conformational changes of this enzyme
and affects the mechanism of NO-mediated activation.a high level of HO-2, we could directly measure 14CO
production from heme degradation by these neurons in The binding site for CO in this model might be an adja-
cent heme moiety, since the stoichiometry of heme inculture. 14CO production peaked during immature stages
of cell culture at day 2. The total amount of endogenous soluble guanylyl cyclase still remains unclear (Stone and
Marletta, 1994). A third possibility could be that theCO production at day 2 was determined to be 260 pmol/
mg protein/5 hr, which is significant and equivalent to mechanism involves allosteric effects that arise from
interactions among soluble guanylyl cyclases or their17% of cellular heme content. Collectively, these data
demonstrate that significant levels of CO are produced regulatory proteins. It is well known that the oxygen-
binding properties of hemoglobin are regulated by inter-by a rapid turnover of heme in cultured neuronal cells.
The cellular role of CO produced by HO may vary, actions between its subunits. Like hemoglobin, soluble
guanylyl cyclase consists of two different ab subunitsdepending upon whether NO is present. Although CO
is known to be an activator of soluble guanylyl cyclase, that share significant homology to each other. It is quite
possible that the functional unit of soluble guanylyl cy-we could not observe a clear decrease of cGMP levels
in this cell when HO inhibitors blocked endogenous CO clase may be more complicated than the present model
of an ab heterodimer. For example, an endogenous in-production (Figure 2B). The validity of this result is con-
firmed by the finding that exogenous CO at the physio- hibitor of soluble guanylyl cyclase has been recently
identified and partially purified in bovine lung (Kim andlogical level of 7.5 pmol/mg protein only minimally ele-
vated cGMP values at day 2 (Figure 3A). In contrast, Burstyn, 1994). This inhibitor is a protein with a molecular
weight of about 149,000 and may be an allosteric regula-several lines of evidence revealed that NO is the major
activator of guanylyl cyclase in this cell and that CO tor. The site of action of CO in this model could be one
of the heme groups soluble guanylyl cyclase. Collec-actually lowers cGMP levels by modulating the effect
of NO on soluble guanylyl cyclase. In olfactory receptor tively, the biphasic nature of the effect of CO on cGMP,
depending on whether NO is present, suggests thatneurons that have a higher level of CO production (140
pmol/mg protein/30 min) and no NOS activity (Ingi and these two gases each interact with guanylyl cyclase,
resulting in a complex regulation of cGMP production.Ronnett, 1995; Verma et al., 1993), endogenous CO
clearly stimulates cGMP production. However, when NO Similar interactions could occur in other populations of
neuronal cells in the nervous system, since HO and NOSis present due to the action of NOS, endogenous CO
appears to actually modulate the NO±cGMP signaling are colocalized in the central nervous system.
system. Although some reports suggest that ZnPP-9
could lower cGMP level via direct inhibition of soluble Experimental Procedures
guanylyl cyclase (Ignarro et al., 1984) or NOS (Meffert
Cell Cultureet al., 1994), our data do not support such a role for
Primary cultures of cerebellar granule cells were prepared fromZnPP-9 at the concentrations used. Our results have
neonatal rats as described by Bessho et al. (1993) and were cultured
revealed that CO and NO regulate cGMP level in a com- for a week in 200 ml flasks and 24-well plates with Dulbecco's
plicated manner by demonstrating that ZnPP-9 potenti- modified Eagle's medium containing 2 mM glutamine, 100 mg/ml
ated cGMP level after the development of NOS activity bovine serum albumin, 1 mM sodium pyruvate, 10 mM HEPES, 100
U/ml penicillin, 100 mg/ml streptomycin, and a nutrient mixture (N2;in these cultured neuron.
100 mg/ml human transferrin, 100 mM putrescine, 30 nM sodiumThe exact meaning of the biphasic effect of CO on
selenite, 5 mg/ml bovine insulin, and 20 nM progesterone). TheseNO-mediated guanylyl cyclase activity remains unclear.
cultures contain less than 10% non-neuronal contaminants
Exogenous CO at a concentration of 1.5±5 mM inhibited (Kingsbury et al., 1985).
NO-mediated guanylyl cyclase activation, whereas at
higher concentrations of 150±500 mM, CO actually po- 14CO Measurement
tentiated this NO-mediated activation (Figures 3B and On each culture day, the neuron cultures in 200 ml flasks were
preincubated with 5 mCi [2-14C]glycine for 5 hr, and radioactivity3C). The similar bimodal concentration effect of CO has
incorporated into 14CO was measured as previously described (Lin-been demonstrated on the action of O2 chemoreception
coln et al., 1989). In brief, the gases from cultured flasks were drawnin the carotid body (Lahiri et al., 1993). The conventional
through the following series of traps: ethanolamine±methanol (trap
concept of competitive antagonism is not sufficient to for CO2), H2SO4, CaCl2, heated hopcalite, and ethanolamine±
explain this finding. There are several possible models methanol (trap for CO). 14CO was converted to 14CO2 by hopcalite and
by which these two gaseous messengers could interact collected in the second ethanolamine±methanol trap. Each trapping
solution was counted. No radioactivity over background (30 cpm)with an enzyme containing a heme group.
CO and NO: Interacting Gaseous Messengers
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was detected in the CO trap when hopcalite was removed from the quantitated by radioimmunoassay (Amersham). In exogenous CO
experiments, various concentrations of exogenous CO were appliedseries of traps. When inhibitors were used, cultures were incubated
with [14C]glycine in the presence of ZnPP-9 or 0.1 mM NAME for 5 to culture by adding a series of diluted CO-containing medium.
Cerebellar granule cell cultures were incubated with the CO-con-hr, then the gases were drawn from flasks.
taining medium for 5±25 min, then IBMX (0.5 mM) was added for 5
min and cGMP was quantitated. When SNP was used, 30 mM SNPCellular Uptake of [14C]Glycine
was added to culture for 5 min together with IBMX. To make CO-The neuron cultures in 24-well plates were incubated for various
equilibrated medium, cell culture medium was bubbled with 100%amounts of time with 1.5 mCi/ml [14C]glycine, and cells were trans-
CO gas for 1 min. Serial dilutions were then made in cell cultureferred into Eppendorf and washed three times in ice-cold phos-
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